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ABSTRACT

This research addresses the temporal and vertical variability of small-scale
turbulence in the coastal environment represented by the structure function parameter for
the index of refraction, C2, used to quantify the impact of atmospheric turbulence on
electromagnetic and electro-optical wave (EM/EQ) propagation through atmospheric
scintillation. The measurements were made on a coastal 12-m scaffold tower during the
Coastal Land-Air-Sea Interaction (CLASI) field campaigns in Monterey Bay, California,
from June to October 2021. The results from this research show a diurnal variability of C2
unique to the coastal region and the impact of wind direction associated with sea
breeze/land breeze circulations. The results also reveal the vertical variations in C2 seen
from the three measurement levels on the tower and how such variability changes diurnally.
The vertical variation was also found to be affected by the mean wind direction, particularly

for the water vapor contribution to the total C2.
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I. INTRODUCTION

Over the past two decades the Department of Defense (DOD) has focused on
advancing its high-energy laser weapon technology. In 2014, the Navy took delivery of the
AN/SEQ-3 Laser Weapon System and then further advanced its employment capabilities
with the implementation of adaptive optics. While advancements in technology and
hardware can lead to an advantage over our adversaries, understanding how the
environment, specifically the atmospheric boundary layer, will affect electro-optic (EO)
propagation will further enhance our tactical advantage. The ability to exploit the
environment for more efficient utilization of High Energy Laser Weapon Systems
(HELWS) is supported by the National Defense Strategy’s outline of enduring advantages
(Department of Defense 2022).

The atmospheric boundary layer is the lowest portion of the atmosphere with the
presence of turbulence where variations in the index of refraction cause scintillation of
optical and microwave propagation signals. As such, atmospheric scintillation affects
applications over a broad range of wavelengths of the electromagnetic waves (EM) such
as in the performance of HELWS, electro-optical and infrared (EO/IR) sensors, free-space
optical (FSO) links, and radio frequency (RF) propagations operating in the atmosphere.
The turbulent variability of temperature and humidity within the lower atmospheric
boundary layer is a poorly modeled and predicted area. The process is further complicated
by differences in temperature and humidity mixing dynamics between land, sea, and its
coastal interface. This topic has yet to be addressed since many of the HELWS testing and
EO/IR sensor deployments occur near the coast. The Coastal Land-Air-Sea Interaction
(CLASI) project sponsored by the Office of Naval Research (ONR) intends to address the
challenges of forecasting the unique coastal environment using current operational
numerical weather prediction systems such as the U.S. Navy’s Coupled Ocean—

Atmosphere Mesoscale Prediction System (COAMPS) (Haus et al. 2022).

The structure function parameter for the index of refraction (C2) is a key variable
used to quantify temperature and humidity perturbations within the atmospheric boundary

layer affecting scintillation. The ability to accurately measure and predict how the
1
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atmosphere will impact optical propagation from its source to the target is crucial to
efficiently utilize HELWS engagements. Much of the previous research focused on
quantifying the variations of C? at a single level, in both marine and inland environments.
However, the vertical variability of C2 close to the surface is significant and any slant path
engagements of the optical systems would experience such vertical variation. The vertical
variability of C2 has not been well understood or modeled. In 2021, CLASI Monterey Bay
conducted two phases of field campaigns deploying various buoys, a research aircraft,
small research vessels, and many coastal land towers. One of the towers, EMO at the
Aquaculture Lab (AL) of Moss Landing Marine Lab (MLML), was installed at the coast
and continuous measurements were made at three levels for about four months. This
research uses the data collected from this tower and focuses on assessing the temporal and
vertical variability of the C2 in the complex coastal environment. We will focus on C? in

the electro-optical (EO) wavelengths.

The objective of this research is to quantify optical turbulence in the coastal
environment with the ultimate goal of improving environmental predictions in support of
HELWS operations. Subjects to be addressed include the vertical variability of C2 near the
surface, the temporal variability of the C2 profile at the coastline, and the relative
contribution of temperature and water vapor to C2 in a coastal environment. These subjects
help build a deeper understanding of the lower marine boundary layer turbulence structure
and its vertical variation for slant path HELWS engagements and other relevant

applications.
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II. BACKGROUND

Atmospheric turbulence has a profound impact on electromagnetic (EM) and
electro-optical (EO) wave propagation. Turbulence is driven by shear and buoyancy
fluctuations within the boundary layer. The flux Richardson number measures the dynamic

stability of the layer:

(#))

T @ €

f

where g is acceleration due to gravity, 8,, is the mean virtual potential temperature, w'6,,

is the kinematic buoyancy heat flux, u'w’ and v'w’ are momentum flux east-west () and
. §U &V . .
north-south (v) wind components, = and = make up vertical wind shear components.

When Ry < 1, the air is dynamically unstable, and turbulence is enhanced. For R > 1, the

layer is dynamically stable and turbulence decays (Stull 1988).

Boundary layer turbulence shows clear diurnal variability, especially overland.
During the day, a deep turbulent layer forms from increased surface kinematic heat flux
and evaporation. After sunset, radiative cooling gives rise to a much cooler surface which
results in negative surface heat flux and hence a stable boundary layer much lower than the
daytime convective boundary layer. The remaining daytime mixed layer above the shallow
stable boundary layer becomes the residual layer, a shallow neutral layer that has lost its
turbulent kinetic energy source (Stull 1988). Within the residual layer turbulent eddies
decay.

Turbulence eddies are generally classified by their scale into three regimes: the
energy-containing eddies, the inertial subrange eddies, and the dissipation eddies (Kaimal
etal. 1972). The energy-containing eddies are driven by surface heat and momentum fluxes
that generate turbulent kinetic energy (TKE). The size of energy-containing eddies is
dependent on multiple factors including the stability and depth of the boundary layer. These
large eddies transfer energy into dissipation eddies through energy cascade across the

inertial subrange. A typical energy density spectrum of turbulence is depicted in Figure 1.

3
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Figure 1. Schematic of turbulence energy spectra showing the three regimes
of eddies in the boundary layer and the inertial subrange energy cascade
with -5/3 law. Adapted from Stull (1988)

Dissipation eddies are the smallest eddies and define their length based on the
Kolmogorov microscale (n):

3\ /4

n=(%) )

&

where v is the viscosity of the air, € is the dissipation rate. Eddies of this scale dissipate
TKE via molecular viscosity. Eddies within the inertial subrange follow the Kolmogorov
inertial dissipation theory, experience energy spectra with a -5/3 relationship with
wavenumber. Eddies of this size range have a significant impact on EO propagation

through scintillation (Andrews 2019).

Atmospheric scintillation results in the fluctuation in phase and amplitude of EM
waves due to perturbations in air density as EM waves travel through the atmosphere. The
temperature and moisture perturbations in the inertial subrange are the source of
perturbations in the refractive index (n) of moist air leading to scintillation, referred to as
optical turbulence. Figure 2 illustrates scintillation effects in a turbulent environment when
an EM wave propagates through the atmosphere. As optical signals propagate through the
turbulent eddies, the phase speed will vary in response to the » gradients, resulting in
refraction in accordance with Snell’s Law (Stull 2000). The deformed wavefront at the
target seen in Figure 2 is a result of the integrated refractive effects along the propagation

path.
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ATMOSPHERE

| L 1

Figure 2.  Schematic of turbulent atmosphere defocusing a laser beam
wavefront. Adapted from Burger et al. (2008)

Atmospheric scintillation is quantified by the structure function parameter of the
index of refraction denoted as C?, which characterizes spatial coherence of n perturbations
(Andrews and Phillips). It is based on the -5/3 law of the inertial subrange spectra and the

corresponding -2/3 law of the structure function:

C2 = ([n’(") —n'(x+ r)]z)r_§ 3)

where x is a given point in space, 7 is the separation distance, n’ is the perturbation of the
index of refraction, and the quantity within the angular bracket is the structure function
averaged over the spatial domain. Equation (3) can be used to calculate C? directly from
the time/space domain (using Taylor’s hypothesis when calculation is done in the temporal
domain). C? can also be obtained in the spectral domain using the power spectrum in the

inertial subrange,
@, (k1) = 0.25C2k; > 4)
where ®,,(k,) is the one-dimensional power spectrum of n, and k; is the wave-number

component in stream-wise direction (Friehe et al. 1975).

Temperature and moisture are the causes of variability in the index of refraction.

As such, the structure function parameter for #» can be expressed in terms of the structure

5

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



parameters for temperature (CZ) and water vapor pressure (C2) and their co-spectrum (C,r)

shown in Eq. (5) (Wyngaard 1971).
C; = B1Cf + ByCor + B3C2 (5)

where B;, B>, and B3 are weighting functions involving temperature and humidity and
constants that vary with wavelength (Burk 1980). The three terms on the right-hand-side
of Eq. (5) will be referred to as C2y, Cper , and C2,. In a dry overland environment, C2 can

be simplified to be related to temperature structure parameter only (CZ;):
C: = (79 X 107°P/T?)2C? (6)

where humidity contributions are considered negligible. Friehe et al. (1975) revealed
humidity perturbations could not be neglected along a horizontal path in a marine
environment and accurate C? calculations should include both temperature and humidity

perturbations (Friehe et al. 1975; Wauer 2019).

Characteristics of structure function parameter in the surface layer can be

parameterized following the Monin-Obukhov Similarity Theory (MOST):
Cf = 02273 (2/L)
Crq =Trq H*q*2'2/3¢hq (Z/L) (7)
CG = q2z7*Ppq(z/L)

where L is the Obukhov length, ¢, ¢q, and ¢y, are universal functions dependent on
(z/L) for potential temperature, specific humidity and their cross-correlation, respectively
(Foken 2006). The 6, and g, are the temperature and specific humidity scales defined from
turbulent fluxes (Stull 1998). This theory requires assumptions of localized homogeneity
and constant flux within the surface layer (Stull 1988), which has been found true for inland
and marine atmospheric boundary layers (Wyngaard 1971; Friehe 1975). However, given
the dynamic characteristics of the coastal boundary layer the same assumptions may not be

valid (Wauer 2019).
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The magnitude of C?2 varies significantly with time and space. The coastal area is a
highly variable environment for the atmospheric boundary layer with two types of airmass
due to their different adjacent surfaces: the land and the sea (Garratt 1992). An internal
boundary layer is formed as one air mass is modified when it moves over a drastically
different surface type often characterized by a change in surface roughness, heat capacity
or moisture availability. (Stull 1988). The coastal area naturally has persistent internal
boundary layers due to the land-sea contrasts (Stull 1988). At the mesoscale, this land-sea
transition drives land/sea breeze circulation patterns caused by the differential surface heat
capacity. Daytime heating over the land surface establishes an unstable surface layer,
causing advection of the adjacent, moist marine boundary layer air onshore (Nuss 2003).
At night, radiative cooling stabilizes the lower atmosphere on land over a mesoscale range
of ~100 to 1000 km and drives downward vertical motion of the relatively dry land airmass.
This process creates the land breeze phase and cool and dry air close to the surface is
advected seaward (Stull 1988). There are diurnal variations of sensible heat flux overland
and in the marine environment, but the magnitudes of variability are significantly smaller
in the marine environment than over land (Stull 1988). Similarly, there are strong diurnal
variations in C2 overland with a somewhat different shape than those for sensible heat flux
(Andrews 2019) where weak optical turbulence is generally found at sunrise and sunset
during neutral stability conditions (Wesely and Alcaraz 1973). However, the diurnal
variation of C?2 in the coastal zone has not been studied in the past. Optical turbulence is
considered weak when C2 < 107'%(m~%/%) and strong when C2 > 10713(m~%/3)
(Andrews, 2019). Higher optical turbulence represents stronger impacts on optical signal

propagation through scintillation.
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III. METHODOLOGY

The CLASI field campaign was conducted in Monterey Bay during the summer
and fall 0f 2021 and 2022 and in Santa Rosa, Florida in winter of 2023 using instrumented
Air-Sea Interaction Spar (ASIS) and Inner Shelf Spar (I-SPAR) buoys, a research aircraft,
land towers, and remote sensing techniques to collect coupled air-sea measurements (Haus
et all. 2022). During the 2021 campaign, an array of ASIS buoys extending approximately
30-km offshore and land towers extending 8-km inland from the Aquaculture Lab of
MLML at (36.80098N, 121.789222W) were deployed to make continuous near-surface
mean and perturbation measurements to characterize cross-shore variability of turbulence
and mean meteorological conditions. The offshore portion of this array also measured
electromagnetic wave propagation with the transmitters on the offshore buoys and receiver
antenna arrays at the AL (Figure 3) (Haus et al. 2022). This EM-line utilized three specially
outfitted ASIS buoys, referred to as qT-ASIS, with additional multi-level temperature,
humidity, and wind sensors for near surface ocean profiling measurements. The land
towers complete the cross-shore line with the central beach tower EMO, located

approximately 20-m from the waterline, provided the data for this analysis.

Whiskey
P ¢

Bravg] Hopkins:

Romeo

Data MBARI Data CSUMB SFML, CA OPC Data SI0, NOAR, U.S. Navy, NGA, GEBCO Landsat / Copernicus 10,000m

Figure 3. CLASI 2021 ASIS buoy and land tower placement in Monterey
Bay with coastal tower EMO (the push pin within the red circle) along the
EM-Line (Victor to 7-km tower).
9
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The EMO measurements were collected from June to October 2021 during the
CLASI Monterey Bay field campaign. EMO is a 12-m scaffold tower instrumented at three
levels with high-rate sensor packages collecting temperature, relative humidity, radiative
fluxes, wind speed and direction, and concentrations of carbon dioxide (CO2), and water
vapor (H20) (Table 1). The high-rate flux sensor heights were located at 4.78-m, 8.62-m,
and 11.86-m and will be referred to as the flux levels. The slow-sampling sensors for the
mean variables were placed at five levels: 3.24, 4.88, 6.81, 8.73, and 11.54 m above the

surface. A picture of the EMO tower is shown in Figure 4.

Table 1. List of CLASI EMO tower sensors (*data not used in this study).

Sensor Sampling Rate | Height (m) Measured variables

High-frequency 3-D
Gill Windmaster Pro 20 Hz 11.86 wind components and
sonic temperature

High-frequency CO;
LICOR LI7500 40 and 20 Hz 11.86 density, H,O density,
and air pressure

11.54, 8.
Vaisala HUMICAP humidity and >4, 8.73, Air temperature and
0.2 Hz 6.81, 4.88, .o
temperature probe HMP155 394 humidity
Outdoor Observation and
Surveillance Field Camera I Hz 1099 Images of sca state
“Droplet Measurement L H 10.5 Cloud particle
Technologies Fog Monitor FM-120 z ’ spectrometer
Campbell Scientific temperature | Hy 8.62. 4.94 Air temperature
probe model 107
High-frequency 3-D
. wind components, CO»
Campbell Scientific Irgason 100 Hz 8.78,4.78

density, H,O density,
and sonic temperature

Because of the proximity of the EMO tower to the water line, measurements made

from the coastal tower represent turbulence measurements that originate over the ocean
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and are advected inland by the mean wind. The onshore wind direction is illustrated in

Figure 4.

The EMO tower data from CLASI 2021 was post-processed to include quality
control (QC) and calculation of turbulent quantities such as turbulent fluxes of momentum,
sensible and latent heat fluxes, turbulent kinetic energy, and components of C2 (Eq. 3). The
data QC included removal of apparent bad (outlier) data points and periods of known
sensor issues. All turbulence variables were calculated using the turbulence perturbations
within 20-min (long enough period to significantly reduce the random error of statistics)

sliding windows without overlap.

Figure 4. Tower EMO with all sensors. Onshore wind is illustrated in this
figure to denote the orientation of the tower sensors.

Further processing of the derived products includes conditional sampling for
categorizing the results under different wind conditions and obtaining composite diurnal
variations. Although most of the meteorological data processing employs arithmetic
averaging to get mean or variances, processing of C2 requires further consideration because

of the large range of variation of this quantity spanning nearly four orders of magnitude.
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As a result, using mean or variance for statistics is not appropriate because the results are
highly biased to the large values with very small percentage of occurrence. Figure 5 shows
the differences in the composite diurnal variation of C2. Figure 5 shows much higher C? at
all three levels of measurements in the mean and the third measurement level shows a day/
night variability different from the two lower levels. The median, on the other hand, shows
consistent variability in the composite diurnal variation. Hence, all statistics in CZ will be

shown using median or the inter-quartile range (IQR) in this study. The geometric mean

displays similar behavior as the median (not shown).

477 m (@) 4.77m (b)
8.62m 8.62m
14 H=—1187m | 1014 H=——1187m
g o =
&) o
= 8
g =
= s
10715t ] e

0 2 4 6 8 101214 16 18 20 22 24 0 2 4 6 8 1012 14 16 18 20 22 24
Hour of Day (Local) Hour of Day (Local)
Figure 5. Comparison of mean (a) and median (b) composite C2 diurnal
variations using the entire EMO dataset. A small number of significantly
large C2 values skewed the mean values in the nighttime hours.
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1Iv. RESULTS

The land-based coastal tower was designed to record atmospheric surface layer
turbulence variables at multiple levels to assess the variability of the coastal environment
on turbulent properties including C2 and the contribution of water vapor in C?2 calculations.
This work discusses the results on CZ found during the CLASI 2021 Monterey Bay field
campaign. Figure 6 shows C? for the three flux levels on the tower and colored for the wind
direction, depicting the overall variability of C2 during the four months measurement
period. Given the orientation of the coastline at MLML, the onshore wind is from around
270° (west, green/blue color) while the offshore winds nominally came from around 90°
(east, pink/purple color). On the top level, the lowest C2 was generally associated with the
onshore flow, while the highest values were associated with the offshore flow. This trend
is not as clear in the results from the two lower-level measurements, especially on the level
closest to the surface. Because of the long period of the dataset, diurnal variability is not
easily visualized in Figure 6, but it is much more apparent when focusing into shorter

periods. Such diurnal variation is the strongest mode in the variability of C2.
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Figure 6. Temporal variations of C2 from each flux level on the tower
colored by wind direction. (a) — (¢) are for the top, middle, and the bottom
measurement levels, respectively.

Figure 7a shows the histogram of C? denoting the frequency of occurrence (FOC)
of C? measured at all three flux levels. The magnitude of C? decreases with height while
the range of variability increases toward the top sensors. Figure 7b shows the box-and-
whisker plots for C2 from all three measurement levels. It shows the same trend of
decreasing C? where the median C? decreased to about 1/5 of its surface value with an
altitude difference of only 7 m. In the following sections, C2 will be further analyzed by

three driving factors: vertical variability, diurnal variability, and wind-driven variability.
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Figure 7. (a) FOC with associated median (red), mean (black) and geometric
mean (green) and (b) box-and-whisker plots showing the median,
quartiles, and outliers of C2 obtained from the tower-based high frequency
measurements. The three sub-panels (top to bottom) in (a) are results from
each flux level on the EMO tower at 11.86, 8.62, and 4.78 m, respectively.

A. VERTICAL VARIABILITY OF C?%

Analysis of C2 across multiple time periods all indicate strong vertical variations
as depicted in Figure 8 showing a short period of temporal variation at all three flux levels.
We first noticed the similarity of the temporal variation at all three levels although the
magnitude at the lowest measurement level was much higher than the two levels above.
All three levels show consistent wind direction, although this is not always the case. This
short time series also reveals the level of variability for C2. Figure 8 shows increased
variability of C?2 indicated by the increased scatter of data points from the surface to the

top level.
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Figure 8.  C2 variability between Aug. 30 and Sept. 1, 2021.

B. DIURNAL VARIABILITY OF (%

Similar to other turbulence quantities, C2 shows strong diurnal variability near the
surface over land with a peak around local noontime and decreases sharply at sunset and
sunrise where the surface layer thermal stability transitions between stable and unstable
stratifications (Wesely and Alcaraz 1973). Such diurnal variability was examined using the
measurements from the coastal EMO tower. Figure 9a shows the composite diurnal
variations of the mean wind direction in degrees, where zero degrees denotes wind coming
from the north). During daytime, all three measurement levels show very consistent wind
direction as it veers from southerly to westerly in the morning hours after sunrise at ~0600
LST. Backing of mean wind occurs near noontime and reached south-south-westerly at
midnight. The composite for C2 is shown in Figure 9b. In the early morning hours, C2
increases rapidly at all three levels until 0800 LST where a sudden decrease occurs. By
around 1000 LST, C2 levels off at its local minimum until 1500 LST. This time period of
reduced C?2 corresponds to wind direction between 250 and 260° where there is the
strongest sea breeze. Figure 9 suggests that the deviation from the sine-function like C?2
variability typically found over land is associated with the influence of the advected marine

air during the sea breeze onshore flow. Furthermore, Figure 9 shows the large vertical
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gradient in CZ? both at night and during day despite the marine air influence. Hence, the

EMO measurements depict a unique pattern of temporal variability in the coastal

environment.
260 4.77m
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:35240_ m-]-l.—ll.S'.-'m )
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Figure 9. (a) Mean hourly wind direction. (b) Median hourly C2. The two

vertical lines on both subplots denote the period of local C2 minimum
from the advected marine air. The blue dash curve is an illustration of the
expected C2 variation for the lowest measurement level overland based on
previous research.

C. WIND DRIVEN VARIABILITY OF (%

Figure 10 uses two examples to corroborate the diurnal variability shown in the
composite C2 diurnal variation (Figure 9). Here, the C2 values are again color-coded with
wind direction to clearly illustrate the variability associated with the coastal mesoscale
circulation. Figure 10a shows an example with clearly identifiable sea breeze and land
breeze periods between 28 and 30 June 2021. On June 28, sea breeze started at 0915 and
ended at 1735, while on 29 June, the sea breeze flow can be identified between 0930 and
1735 LST. The decrease of C2 came immediately upon the onset of the sea breeze and
ended abruptly as the sea breeze ends on both days. The difference between the CZ? values

before and after the onset of sea breeze is approximated at 4 x 10~*m=2/3_ Increased
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variability is evident during the offshore or land breeze regimes illustrated by the spikes in
warmer colors of Figure 10a. Although the nighttime C? have similar magnitudes as that
during the daytime sea-breeze period, it shows significantly less small-scale temporal
variability compared to the daytime sea breeze regime.

The coastal land and sea breeze circulations are not always apparent due to the
predominant synoptic flow, as seen in Figure 10b. During periods of prolonged onshore
flow, CZ still showed some influence of the ‘land breeze’ effect with reduced C?2 around
the time period of expected land-breeze (shaded area in Figure 10b). The nighttime cooling
overland weakened the persistent onshore wind and, thus, the CZ was mostly affected by
the local land surface. Although this explanation is physically plausible, it requires more

cases to validate.
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Figure 10. (a) Sea/land breeze-induced variation of C2 with increased C2 at
wind transitions and during periods of offshore flow. (b) Period of
continuous synoptic onshore flow with mesoscale sea/land breeze

variability signature (shaded in gray). In both (a) and (b), the top panels
are for the highest measurement level.

Figure 11 shows another example of large-scale coastal dynamics affecting the
nominal diurnal variability of C2. During a fall heat wave event in Monterey Bay from 15—
17 October, significant heating resulted in predominantly offshore flow with shortened sea
breeze periods. CZ measurements remained elevated during this period and abrupt
temperature drops of nearly 15 degrees Celsius were observed at the transition to sea breeze

(Figure 11 a-b). On both 15 and 16 October, recovery of CZ from the early morning neutral
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event extended until about 1315 (15 Oct) and 1300 (16 Oct) when C? reached to a

maximum of 1.59 X 10~*3m~2/3_dropping by almost two orders of magnitude at the onset

of the late sea breeze flow.
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Figure 11. (a) C2 and (b) temperature variability associated with the sea/land
breezes during fall heat wave events.

D. TEMPERATURE AND WATER VAPOR CONTRIBUTION TO C%

The contribution of temperature and water vapor to C?2 has been discussed in some
literature (e.g., Burk 1980, Friehe et al. 1975). In his overland simulation, Burk (1980)
found negligible contributions from water vapor so that Eq. 4 is an accurate depiction of
C?2 (Burke 1980). Ingram (2017) analyzed aircraft-based measurements on the U.S. East
coast and identified ~18% contribution to C?2 through the cross-correlation term between
temperature and humidity (Ingram 2017). This topic is further investigated here using
coastal measurements. We use the ratio of each of the three terms on the right-hand-side of
Eq. (5) to the total C2 to illustrate the importance of the terms. Figure 12 illustrates these
ratios for the entire measurement period and for a few special cases. In most cases, the
water vapor contribution (C2) is less than 2% of the total C? and could be neglected without

significant impacts to overall C2 magnitude (Figure 12a). However, when there is a
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decrease in temperature contribution from CZ to the same order of magnitude as that
ignoring CZ,, or the water vapor contribution, cannot be justified. In this case, contributions
from CZ rises to near 50% of the total C2 (Figure 12 c-d). Figure 12 also suggests that C,
in general has larger magnitude than C2, although it may change to negative in stable

conditions. The positive contribution of C, to C?2 is nominally less than 2%.
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Figure 12. Component contributions to CZ2. (a) The ratio of contributions of
temperature (C2;), water vapor (C2,), and the cross-correlation of
temperature and water vapor (Cy.r) to C2; (b) Same as in (a), except
zoomed in to a ‘normal’ period between 23 and 27 August; (c) Same as in
(a) except for a time period with a sharp decrease of (C2); and (d) same as
in (c) except C2; and C2, are plotted instead of their ratio to C2.
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V. SUMMARY AND CONCLUSIONS

Advancement and optimization of the HELWS is a major interest for the United
States military. In order to optimally utilize these weapon systems, it is imperative to
understand and accurately predict the affects optical turbulence in the operational

environment.

In this work, we used coastal tower-based measurements to evaluate the variability
of C2 within the lowest 12-m of the coastal atmospheric boundary layer. The measurements
were part of the CLASI 2021 field campaign from June to October 2021. The analyses
focused on the vertical variability, diurnal variability, and wind regime dependence of C2,
and the contribution of temperature and water vapor to CZ within the coastal environment.
We identified that the vertical variability of C2 increased with height while overall C2
measurements decreased with height. The impact of diurnal variation further influences
optical turbulence. The diurnal cycle causes an increase in C2 during daytime heating but
the onset of the sea breeze and advection of the moist marine atmosphere created two-
separate C2 maxima that is unique to the coastal environment. We also identified increased
C? variability at the sea and land breeze transitions even when the synoptic scale flow did
not result in a true sea or land breeze regime. During extreme heating events elevated C2
is indicative of enhanced uncertainty in optical propagation. Finally, we identified that C?2
calculations in the coastal environment are similar to those in an inland dry environment
and the contributions of C2, is significantly less than that of C# and can be neglected in
most cases. The exception to this is when there is a substantial drop in C# to the same order
of magnitude as the C2, where the water vapor contribution increases and cannot be

neglected.

These findings emphasize the importance of understanding the complex coastal
environment for the horizontal and slant path EO propagation of HELWS. Accurate
collection, modeling, and prediction of the coastal atmospheric boundary layer and optical

turbulence is critical for optimum sensor performance.
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VI. FUTURE WORK

Evaluation and validation of UAS mounted high-rate sensors for collecting in-situ
measurements of the operational coastal and marine environment for incorporation into
high energy laser weapon performance prediction decision aids. Validation of these sensors
would provide operators with real-time optical turbulence calculations in dynamic

environments often not resolved by numerical weather models.
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